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A geophysical survey carried out at Omalos plateau in Chania, Western Crete, Greece employed seismic as well as electrical
tomography methods in order to image karstic structures and the metamorphic carbonates (Tripali unit and Plattenkalk group) which
are covered by post-Mesozoic deposits (terra rossa, clays, sands and gravels). The geoelectrical sections image the metamorphic
carbonates which exhibit a highly irregular relief. At the central part of the plateau the thickness of post-Mesozoic deposits (terra
rossa, clays, sands and gravels) ranges from 40-130 m. A 3D resistivity image was generated by inverting resistivity data collected
on a grid to the south west at the Omalos plateau. The 3D resistivity image delineated a karstic structure at a depth of 25 to 55 m. On
the same grid the depth to the top of the karstified carbonates ranges from 25-70 m. This is also verified on the resistivity sections and
seismic velocity sections along lines 5 and 7 of the above mentioned grid which are derived from the cross-gradients joint inversion.
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INTRODUCTION
Environmental and engineering investigations
in karst terrains involve the use of geophysical and
borehole information for the site characterization.
Sinkholes are the major hazard when developing structures at sites where the bedrock consists
of carbonate rocks (Zhou et al., 2008). Geophysical methods extrapolate the borehole information.
Among them, electrical methods have become a
valuable tool for subsurface investigation due to
their low cost in combination with the effectiveness
and quick interpretation (Zhou et al., 1999; Stepisnik & Mihevc, 2008).
Since the 1920’s electrical methods have been
used for imaging the subsurface, mainly electrical
sounding (VES). However, VES does not take into
consideration the lateral geological heterogeneity
and suffers from the ambiguities of a one dimen-
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sional inversion. The evolution of two-dimensional
inversion algorithms (Loke & Barker, 1996; Tsourlos et al., 1998) increased inversion robustness by
processing the sequential electrical soundings as
resistivity sections. Meanwhile, the development of
multi-electrode resistivity surveying instruments,
which enabled automated data collection, made the
electrical tomography method one of the most widely used geophysical methods for near-surface investigations. Currently, fast acquisition 3D data instruments and inversion algorithms (Papadopoulos
et al., 2007) enhance the reliability of the method.
The Electrical Resistivity Tomography (ERT)
method has been effectively used in bedrock investigations, soil and rock characterization, as well
as in imaging voids and fractures in rocks (Seaton
& Dean, 2004). The use of different electrode arrays over karstic formations was studied by Zhou
et al. (2008). They concluded that the use of the
dipole-dipole array is the most suitable method for
assessing dolines or sinkholes in carbonate rocks.
Hamdan & Vafidis (2009) applied combined inversion of the resistivity data from both the WennerSchlumberger and dipole-dipole arrays for imaging
karstic structures.
The difficulty in imaging karstic heterogeneities
is usually handled by employing at least two geo-
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Fig. 1. Survey area on the Omalos plateau.

physical methods, such as microgravity, electrical
methods and GPR (Sumanovac & Weisser, 2001;
Barbadello et al., 2002; Leucci, 2003; Vafidis et al.,
2004; Elawadi et al., 2006; Hamdan et al., 2010).
This integrated geophysical approach produces a
more reliable subsurface image. However, the integrated interpretation of such plethora of geophysical data sets is very difficult and usually it is almost
impossible to find a subsurface model which satisfies all the geophysical data sets.
Recently, joint inversion techniques have been
developed to simultaneously invert data sets from
two geophysical methods. Such techniques improve
the subsurface model, which is consistent with all

the available geophysical data. Initially, these methods focused on 1D inversion (Vozof & Jupp, 1975;
Lines et al., 1988; Dobroka et al., 1991; Hering et
al., 1995) and later, on 2D inversion (Zhang & Morgan, 1997; Gallardo & Meju, 2003, 2004; FregosoBecerra & Gallardo, 2007). The use of such techniques helps geophysical methods to overcome uncertainties, often encountered in imaging karstic
structures.
In this study we present a geophysical survey
carried out at the Omalos Plateau, Western Crete,
Greece. This survey employed seismic refraction
and geoelectrical methods. The later, consisted of
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Vertical Electrical Sounding (VES) and Electrical
Resistivity Tomography (ERT). The objective of this
survey was to image the complex tectonic structure
of the active karstic system of the Omalos polje. Initially, VES and ERT were employed to estimate the
maximum thickness of the recent deposits, which
cover the karstified carbonates. Later, a grid of ERT
lines, in combination with two seismic refraction
lines was utilized to map the subsurface of an area
dedicated to the construction of a reservoir. In this
paper we examine the potential of ERT and seismic
methods in delineating the relief of the karstic bedrock and present preliminary results from the joint
inversion of seismic refraction and ERT data.

to 30 m for these ERT lines. In September 2008, we
collected data along the lines 1 and 2 (Fig. 1), using the Wenner-Schlumberger array, 10 m electrode
spacing and the roll along technique. During the
last period (October 2009), an ERT grid (lines G1
– G7, Fig. 1) was scanned using also the WennerSchlumberger array and 10 m electrode spacing.
The length of these ERT lines was 470 m. During
the same period, a seismic refraction survey was
conducted along two lines (lines S5 and S7 - Fig. 1).
Each seismic line consisted of two spreads having 5
m geophone interval and five shots per spread. The
record length and the sampling interval were 512
ms and 0.125 ms, respectively.

GEOPHYSICAL SURVEYS
The Omalos plateau is the largest active polje of
Western Crete (Greece) and covers an area of approximately 6 km2 (3x2 km) (Fig. 1). The plateau
consists of Post-Mesozoic sediments which lie on
the “Trypali” metamorphic carbonates and the Plattenkalk carbonate group. The later formations are
karstified at Omalos. The term karstification refers
to geological processes mainly involving dissolution.
These processes create unique morphological characteristics such as dolines, whose size varies from
several meters to few hundreds of meters, or a polje
which often results from more than one dolines or
karstic structures. Electrical and seismic methods
are very useful in delineating karstic structures
such as these.
The geophysical survey at Omalos Plateau was
conducted during four periods, from 2002 to 2009
(Vafidis et al., 2004; Alevras et al., 2007) by employing the VES, ERT and seismic refraction methods.
The former method estimates the average thickness
of the recent deposits, while the ERT and seismic
refraction methods map the relief of the karstic carbonates. The data collected during the first (September 2002) and second (September 2003) periods
include 3 VES (B2, B3 and B4 - Fig. 1), as well as 4
ERT lines (T1, T2, T3 and T5 - Fig. 1). The electrode
spacing of the Wenner-Schlumberger array was set

Omalos polje
The first phase of the geophysical survey at
Omalos plateau (2002-2008) aimed at estimating
the thickness of the recent deposits at the central
parts of the polje (Fig. 1). Three (3) VES (B2, B3
and B4) and 6 ERT lines (T1, T2, T3, T5 and Lines
1 and 2) were surveyed (Fig. 1). The least squares
approach was employed for the inversion of both
1D electric sounding (Ip2Win, Bobachow, 2002) and
the 2D geoelectrical sections (RES2DINV, Loke &
Barker, 1996). The smoothness constraint regularizes the ill-posed 2D inversion method and provides
smooth images of the subsurface.
ERT line T3, located to the southwest of the
polje, is close to borehole 325 (Fig. 1). Borehole 325
drilled mainly Terra Rossa with gravels (55 m), clay
with sand (35 m) and carbonates. ERT section T3
and Borehole 325, indicate that the top of the bedrock corresponds to approximately 300 Ω∙m (light
green to yellow border line, Fig. 2). This information
was used to calibrate the geoelectric sections in order to estimate the thickness of the recent deposits.
Three geoelectrical zones are delineated from B3
and B4 VES resistivity curves and ERT sections T2,
T5, T1 and line 1 (Fig. 3). A shallow non-homogeneous zone with electrical resistivity values ranging
from 300 Ω∙m to 3500 Ω∙m, a lower resistivity (less
than 200 Ω∙m) zone and another high resistivity

Fig. 2. Comparison of the electrical tomography section T3 with borehole 325 where the dotted line depicts 300 Ωm contour.
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Fig. 3. (a) Comparison of the electrical tomography section T2 with the vertical electrical sounding B3; (b) The geoelectrical tomography
section Line 2; (c) The geoelectrical tomography section T5 where the dotted line depicts the 300 Ωm contour and (d) Comparison of the
electrical tomography section T1 with the vertical electrical sounding B4.

zone (more than 300 Ω∙m). According to geological
setting deduced from borehole 325, the deeper layer
is attributed to the carbonates, while the other two
to the recent deposits (Post-Mesozoic).
Fig. 4 illustrates a 3D perspective view from
the south of the ERT sections, where the carbonates (deeper high resistivity zone) exhibit a rough
paleorelief. The thickness of post-Mesozoic deposits ranges from 40 m to more than 140 m (Fig. 3).
Carbonates are expected at shallower depth along
two ridges, with trend from S-SW to N-NE (purple
curves on Fig. 4), delineating a valley. This valley is
deeper at the northern part of the ERT line T5, since
the bedrock is not present at depths less than 140
m at 420 m distance of line T5.
Electrical Tomography Grid
At the southwest part of Omalos plateau, an ERT
grid (lines G1 – G7, Fig. 1) was surveyed (7 ERT parallel lines). According to the ERT sections G1 – G7
(Fig. 5), the depth to the bedrock (300 Ω∙m) ranges
from 15 m to 70 m. The relatively high RMS errors
(10-15%) are justified by the highly heterogeneous
shallow layers.

A total of 3153 apparent resistivity datum points
for 8 depth levels, were extracted from the parallel
tomography lines and combined into a 7x48 grid
before being processed using 3-D inversion (Res3Dinv). This inversion technique employed finite elements using 2256 cells for the calculation of the
apparent resistivity data (forward problem) and the
blocky (robust) inversion (Claerbout & Muir, 1973).
This gives reasonably accurate images of three-dimensional structures, bigger than 5x5x10 m, enabling the 3D imaging of the subsurface using cost–
effective 2D electric tomography techniques (Dahlin
& Loke, 1997; Papadopoulos et al., 2006; Tsokas
et al., 2008; Chang et al., 2011). The depth slices
(Fig. 6) show a geoelectrical anomaly of low resistivity values in the northeastern part of the grid,
at depths between 25 and 55 meters. This anomaly delineated by the 3D inversion of the resistivity data is attributed to a karstic structure (circled
with the dotted ellipse).
On the same grid two seismic refraction lines were
also surveyed (Fig. 1). The seismic velocity sections,
generated using SeisImager software, indicate three
distinct seismic layers (Fig. 7); a low velocity shal-
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Fig. 4. 3D perspective view from the south of the ERT sections T1, T2, T5 and Line 2 where the deeper high resistivity zone is attributed to
carbonates. Two ridges, with trend from S-SW to N-NE (purple curves), delineate a valley.

low layer (800 m/s and 5-7 m thickness, red color)
overlies a layer with a seismic velocity of 1500 m/s
and thickness less than 15 m (yellow color). The
deeper layer exhibits seismic velocity greater than
2100 m/s (green and blue color). According to Fig.
8 the top of this higher velocity layer coincides with
the electrical resistivity contour of 300 Ω∙m. From
the comparison of the resistivity image and the
seismic velocity section one can conclude that the
carbonates exhibit resistivity greater than 300 Ω∙m
and seismic velocity greater than 2100 m/s. The
shallower seismic and electric layers are attributed
to the unsaturated recent deposits (Post-Mesozoic).
This is in agreement with the B2 VES (northeast of
the grid) which exhibits three geoelectrical layres.
In particular the thickness of the recent deposits on
the B2 VES resistivity curve is within the range of
the thickness estimated on the grid (Fig. 9).
Joint inversion of electrical and seismic tomography
Joint inversion of electrical and seismic data was
applied on lines G5/S5 and G7/S7. The goal was to
achieve a unified geological model which will satisfy
both seismic and electrical data sets. The crossgradients constraint was adopted, in order to jointly

invert resistivity and seismic first arrival data (Gallardo & Meju, 2003, 2004). The basic idea of this
approach is to quantitatively estimate the structural similarity between resistivity and seismic velocity
models, using the cross product of their gradients.
The cross-gradients joint inversion algorithm
that was applied on these lines (Hamdan, 2010;
Gallardo & Meju, 2003, 2004), utilizes the gradients
of both the seismic t(ms) and resistivity t(mr) models as a constraint inserted into the objective nonlinear least squares equation. In order to achieve
structural similarity between both models the cross
product of their gradients should be zeroed at all
locations (t(mr, ms)=0). To satisfy this constraint,
the gradient vectors must be parallel (same or opposite direction), at all locations where variation in
the physical parameters (resistivity and velocity) occurs. This means that the boundaries of the geological layers, detected by both methods, are located at
the same position.
To apply the joint inversion scheme on line 5, the
apparent resistivity data corresponding to the location of the seismic tomography were extracted keeping only the resistivity data between 230-340 m
and depths between 0-50 m. The joint inversion for
this line (Fig. 10) shows good structural similarity
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Fig. 5. Electrical tomography sections G1-G7.
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Fig. 6. Depth slices for the 3-D inversion of apparent resistivity data from the parallel tomography lines G1-G7.
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Fig. 7. Seismic
velocity sections
S5 and S7.

Fig. 8. (a) Seismic velocity section S5 on top of electrical tomography section G5 (b) Seismic velocity section S7 on top of electrical
tomography section G7. The black dotted line depicts the 300 Ωm contour.
International Journal of Speleology, 41(2), 199-209. Tampa, FL (USA). July 2012
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Fig. 9. Geoelectrical curve for VES B2 and its corresponding
resistivity model.

between both sections, detecting the depth of the
bedrock between 15-25 m, even though the seismic
velocity decreases at depth greater than 25 m, due
to poor low ray coverage at these depths. The joint
inversion for line 7 was less satisfactory. Although,
the resistivity sections from the joint and from the
3D inversion are similar (Fig. 11).
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CONCLUSIONS
At the Omalos plateau, seismic as well as electrical tomography methods imaged karstic structures of the metamorphic carbonates (Tripali unit
and Plattenkalk group) which are covered by postMesozoic deposits. By combining the geoelectrical
sections, we obtained a 3D perspective view of the
metamorphic carbonates which exhibit a highly irregular relief in the central part of the plateau. Furthermore, the geoelectrical images have outlined
deeper karstic structures on the Omalos plateau.
A 3D resistivity image was generated by inverting
resistivity data collected on a grid to the south west
at the Omalos plateau. The 3D resistivity image delineated a karstic structure at a depth of 25 to 55m.
Based on borehole information we calibrated the
resistivity sections of this grid and estimated the
thickness of post-Mesozoic deposits which ranges
from 25-70 m.
The seismic velocity sections image the bedrock
along two selected lines of the above mentioned
grid. The resistivity and seismic tomography images
at the SW Omalos plateau area indicate that the
bedrock exhibits a seismic velocity more than 2100
m/s and resistivity more than 300 Ωm.
On the same survey lines we jointly inverted
travel time and apparent resistivity data by apply-

Fig. 10. (a) Electrical tomography section (60-80 m) extracted from the 3D inversion of the resistivity data along lines G1-G5. (b) Electrical
tomography section and (c) seismic velocity section generated by cross-gradient inversion for line 5; (d) Electrical tomography section (80100 m) extracted from the 3D inversion of the resistivity data along lines G1-G5. The black dotted line depicts the 300 Ωm contour from the
electrical joint inversion section.
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Fig. 11. (a) Electrical tomography sections (100-120 m)
extracted from the 3D inversion of the resistivity data
along lines G1-G5. (b) Electrical tomography section
and (c) seismic velocity section generated by a crossgradient inversion for line 5. The black dotted line
depicts the 300 Ωm contour from the electrical joint
inversion section.

ing the cross gradients. The resistivity sections extracted from the joint inversion and from the 3D
inversion are comparable regarding the top of the
bedrock relief.
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